Abstract -Wind power is experiencing steady growth, and wind turbine technologies are continually developing. Currently, power ratings of up to 20 MW are being considered for future wind farms. Offshore applications, which call for the largest and most powerful wind turbines, demand a higher standard of reliability and maintainability. Because they offer better overall efficiencies and higher reliability, direct-drive permanent-magnet synchronous generators (DD-PMSGs) are increasingly being specified for these applications. The major shortcoming to traditional high-powered direct-drive generators is extraordinary size and mass leading to extraordinary cost.
generators must either develop greater tangential stresses or be larger in diameter. Tangential stress is a function of stator windings current and magnetic flux density, both of which are limited in a traditional air-cooled permanent-magnet generator architecture. Magnetic flux density is produced by the rotor magnets and is essentially fixed. Current density is limited by the heat removal capabilities of the air-cooling system. Consequently, for traditional air-cooled generators, higher power generally means a much larger diameter.
Dramatic cost savings can be realized with the development of a more effective stator windings cooling system that removes the limit on current density enabling the development of high-power direct-drive generators of substantially smaller diameters. This paper presents a direct liquid cooling (DLC) system design for an 8 MW outer rotor DD-PMSG. The approach is new for wind turbine generators, so its impact on the thermal behaviour and reliability for the total electrical machine has been evaluated and reported here. Testing of a stator coil prototype with internal cooling liquid flow is also reported to demonstrate the workability of the designed cooling solution. Electrical machinery is widely used in all aspects of human activity. The operation of electrical machines; based on electrical, magnetic, and thermal elements; is essential for life and product quality [1] . Lately, efficiency improvements have become ever more important, but there are at least two cases of significance in which small size takes precedence over efficiency: 1) electric vehicle drives, where very high torque densities are desired; and 2) direct-drive wind turbine generators, where mass must be kept reasonably low. Currently, wind turbine generators are available with the rated powers up to 10 MW [2, 3] . Enercon has been offering its 7.6 MW DD wind turbine since 2007 [4] . In 2013, Vestas produced a new semi-geared drive with an 8 MW permanent magnet generator [5] . Offshore applications call for the largest generators. Some researchers and engineers have started to develop generators based on high temperature superconductors (HTS) to reduce generator weight and to increase power and efficiency [7, 8] . For reliability, high efficiency, and simple rotor construction, gearless high torque-density generators with excitation systems based on permanent magnets are being developed by many producers [6] .
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For a given power rating, the move to direct-drive leads to a big jump in generator size (diameter and length) or a required increase in air gap tangential stress. Available transportation and construction techniques impose practical limitations on maximum machine size (Semken et al., 2012; Kowal et al., 2013) . For copper windings, tangential stresses are increased by raising linear current density, which results in significantly increased Joule heating and the need for more effective heat removal.
Effective thermal management is most critical in the stator windings and in the rotor-mounted or embedded permanent magnets, which are heated as heat propagates from the stator towards the rotor.
Air cooling is not sufficient for generators with high electric load densities, because to remove the resistive heat produced requires very high airflow velocities that can only be provided by very powerful fans. Semken et al. [2] showed that fan power increases dramatically for generators with rated powers above 4 MW. Therefore, for high linear current densities (>90 kA/m), direct liquid cooling of the stator conductors is a more practical and useful approach. Direct liquid cooling can effectively manage both stator windings and rotor magnet temperatures. Permanent magnet (NdFeB) operating temperatures must be kept below 120-150ºC [9] . Liquid cooling systems are mostly of the closed-loop type. Because of the totally enclosed environment, closed-loop systems are insensitive to local affects and offer good controllability.
The main focal point of this work is the development of a cooling solution and the thermal analysis of an 8 MW direct-drive permanent-magnet synchronous generator (DD-PMSG) for offshore wind turbines applications. This work provides basic design equations to implement direct liquid cooling using stator copper windings fashioned from copper conductors with internal coaxial cooling conduits. Various cooling fluids are investigated. Thermal designs are described in detail based on
Computational Fluid Dynamics (CFD) and a simplified Lumped Parameter Thermal Network (LPTN). Analytical predictions have been verified with measurements taken from a simple prototype. Copper coil temperatures are measured in different regimes. Finally, since introducing a completely new (liquid) cooling approach raises questions regarding reliability, a generator reliability analysis based on published failure and repair rates of the cooling system components has been carried out and discussed here.
II. DIRECT LIQUID COOLING SYSTEM OF GENERATOR STATOR WINDING
A. Generator Studied
The studied synchronous generator design features a tooth-coil multiple-phase segmented construction. Figure 1 illustrates the construction and size for an external rotor 8 MW DLC DD-PMSG. For its power rating, the generator is about half the size of direct-drive generator based the traditional air-cooling approach. The impressively small size and mass of the DD-PMSG come from its high torque density, which results from a high linear current density (130 kA/m) and tangential stress (80 kPa). Table I lists the pertinent general data. traditional air-cooling, because of air's low heat capacity and the low efficiency associated with pumping the compressible gas (high power fans). Resistance losses in the copper windings (95% of the total machine losses) are the generator's main source of internal heating. In proportion, the iron losses are low (Table I) . Copper windings losses are the result of the high electric currents through the conductors. Because of stack lamination eddy currents and hysteresis and despite the low frequency (11 Hz), there are some iron losses.
B. Cooling System Introduction
The aforementioned problem of high losses in the stator winding (95% of the total machine losses) is resolved by implementing the more effective direct liquid cooling of the copper conductors. The rotor structure ( The temperatures of the coolant flow T dw and the stainless surface T s by the following equations (valid for a constant internal heat rate) [13] 
The Nusselt number is 4.36 for the laminar regime in case of the constant heat rate [13] . For transient and turbulent regimes the Nusselt number is defined by Eq. 4 and 5 correspondingly [13, 14]    
The pressure losses of the coolant along the cooling circuits define the pump capacity and the cooling system performance. The pressure drop is calculated by the sum of the pressure losses due to friction (The Darcy-Weisbach equation) and the pressure losses in the fittings [13] . Fig. 2 illustrates the temperature and pressure losses along the cooling circuit for Deionized Water (DW). The inlet temperature and flow rate of the DW are 40˚C and 1 m/s, correspondingly. To prevent corrosion inside the stainless steel tubing, which can occur at temperatures above 90˚C, the outlet temperature of the coolant is below 80˚C [12] . With these cooling system parameters, the maximum temperatures in the stator windings are kept below 90˚C, and permanent magnet temperatures are held to less than 50˚C. 
C. Coolants
Subzero environmental conditions impose special requirements for the cooling fluids. Equipment failures can occur if the cooling fluid is water and it freezes and expands. Furthermore, a sophisticated deionizing system is required to keep water electrically non-conductive. The freezing problem can be solved with antifreeze additives (chemical treatment). Synthetic heat transfer fluids for liquid cooling such as polyalphaolefin (PAO) dielectric fluid or other proprietary heat transfer fluid and anticorrosion additive blends (e.g., EVANS waterless engine coolants) can also be used. The waterless heat transfer fluids do not require deionization. Fig. 3 compares the thermal performance of Ethylene Glycol 50% by volume, PAO, an EVANS waterless engine coolant, and deionized water used for direct cooling of the stator copper windings. Published coolant properties were used in the analyses [15] [16] [17] [18] . Because heat losses depend on the temperature dependent resistivity of copper, heat losses were adjusted based on calculated temperatures. From the thermal and hydraulic point of view, Ethylene Glycol is the most useful cooling water substitute for arctic conditions.
For the PAO and EVANS coolants, predicted temperatures are 25-30 K higher and pressure losses are 0.4-0.7 bar greater than for the Ethylene Glycol. The electrical resistivity of copper is temperature dependent, which elevates the importance of heat transfer effectiveness when considering the available coolants. Higher conductor temperatures result in even greater heat losses.
III. THERMAL ANALYSIS OF DD-PMSG WITH DIRECT LIQUID COOLING
To show the effectiveness of direct liquid cooling, the DD-PMSG is analysed from the thermal point of view using LPTN and CFD thermal. The uniform and non-uniform conduction associated with the composite structure of some generator components is used for the modelling (Table II) [18, 19] . An insulation coating between each lamination layer as well as some trapped air causes low thermal conductivity in the axial direction for the stator and rotor iron parts. Each stator slot includes 20 conductor passes. Each conductor pass features an internal stainless steel tube full of demineralised water. The outer surface of each conductor is insulated with a layer of insulation with 0.26 W/(Km) thermal conductivity. The overall result is poor thermal conduction inside the stator winding (Table II) . The Maxwell equation for a two-phase solid-to-solid mixture is used to define the thermal conductivity of the windings [20, 21] . The thermal conductivity of the rotor and stator laminations is defined similarly. 
The flow rate of air in the environment is estimated based on the assumption that air in the nacelle is replaced once hourly for a nacelle with two openings on opposite sides [22] . The empirical equations for Nusselt number introduced by [13, 23] were used to define forced convection and calculate the convection coefficients on the outer rotor surface and the end surfaces of the stator and rotor. The Nusselt number for the air gap is calculated by the following equations [24, 25] . 
A. Thermal Analysis Based on Lumped Parameter Network
An LPTN model is used to predict the steady state thermal behaviors. Each machine part (the stator yokes, the stator teeth, the stator winding, etc.) is represented by an isothermal node connected to others via conduction and convection resistances [26, 28, 31, 32] . The machine components and the thermal resistances are illustrated in Fig. 4 . The thermal resistances of the generator components are defined by Eqs. (17) and (18), while generator component steady-state temperature rise is calculated using Eq. (19) [11] . Temperature rise was computed using a specifically developed MATLAB code. 4 Radial Resistance between Rotor Yoke and Magnets R 6 , R 7 Radial Resistance between Rotor Yoke and Air Gap R 8 , R 9 Radial Resistance between Magnets and Air Gap R 10 , R 11 Radial Resistance between Tooth and Air Gap R 12 , R 13 Radial Resistance between Coils and Air Gap R 14 , R 15 Resistance between Coils and Teeth R 17 , R 18 Radial Resistance between Coils and Coolant R 19 , R 20 Radial Resistance between Coils and Stator Yoke R 21 
B. CFD Thermal Design
A computational thermal analysis of the DD-PMSG is conducted using the commercial software Fluent 14. (Fig. 6b) . The CFD thermal modelling showed that stator slot temperature may be up to 65˚C, if the interaction between conductors and the stator iron are taken into account in the model. It means that Eq. (1-2) overestimated the temperature.
The 3D-model of the generator (Fig. 6a) represents only 1/144 of the machine (slot pitch in width and in length). The small slice makes it possible to generate a dense mesh, and therefore achieve reliable results (Fig. 6a) . For simulation purposes, Gambit was The calculated temperatures of the generator parts are listed in Table IV . The temperature results from both the LPTN and CFD analyses prove the efficiency of the direct liquid cooling system. The discrepancy between the temperature results is 3-4 K, which is mainly attributable to the assumed convection coefficients in the LPTN and the computational assumptions in the CFD thermal model. Since blade pitch control is applied in the wind turbine, the wind generator usually operates below its rated point. Therefore, actual generator temperatures will be lower than those presented in Table IV .
IV. RELIABILITY ANALYSIS OF THE GENERATOR DIRECT LIQUID COOLING SYSTEM
On average, in a wind turbine having a technical availability of 98%, most system or component failures occur in the following subsystems: the electrical system (23%), the plant control system (18%), the instrumentation (10%), the mechanical brake systems (8%), the hydraulics (8%), the yaw system (8%), the rotor blades (7%), the rotor hub (6%), the housing (4%), the generator (4%), and the gearbox (4%). However, failures of the gearbox and generator result in the longest downtimes -6 and 7 days, respectively [11] . The annual failure rate of a wind turbine increases from 1.7 failures per year to 3 failures per year when the rated power rises from below 600 kW to 888 kW. Wind turbines with a rated power above 1000 kW experience 7.5 failures per year [11] . In this section the reliability of direct liquid cooling (Fig. 7) is assessed. The generator cooling system is divided into two subsystems: the primary generator cooling system and a secondary system that removes heat from the primary. The failure of any auxiliary cooling loop component or plumbing is considered a failure of the cooling system. The reliability analysis separates the generator cooling systems into series-and parallel-connected components without redundant components. Most of the cooling system components are connected in series. For a series system, the total system unavailability, repair rate, and failure rate can be expressed as follows [34] .
The parallel m/n system functions when at least m out of n components are operating. This system is used for calculation of the generator cooling circuits and filters. For a parallel m/n system (identical components -active redundancy), the total system unavailability, repair rate, and failure rate are [34] :
The DLC direct-drive Generator Cooling Loop (GCL) is sized primarily to manage stator coil joule losses. The GCL is made up of stainless steel tubes, tube connectors, and manifolds. The failure rates and Mean DownTime (MDT) for these components are shown in Table V [ sealing issues [10, 45] .
The reliability of the primary and the secondary cooling loops depends on auxiliary component reliabilities, which are connected in series and parallel for water filters (Eq.15). Reliability parameters are used to define DLC DD-PMSG cooling system reliability. The water treatment components (deionizer, water filter, and centrifugal pump) have the highest failure rates (short operating life). These components are serviced and Reliability and availability are used to characterize a reparable system for a given time interval [34] . The reliability of an average generator with a gearbox drops from 0.9389 to 0.1511 over 30 years (0.09 failures rate per year [46] ). The proposed direct liquid cooling system reduces reliability by 3.5% over the same 30 year lifetime (3.1·10
3
failures in the cooling loop per year additionally). See Table VII . Integrating a DLC DD-PMSG into a large wind turbine has significantly less negative impact on reliability than integrating a gearbox dependent generator. The DLC DD-PMSG is more reliable overall.
V. EXPERIMENTAL VALIDATION ON COIL AND COOLING LOOP BENCH TOP PROTOTYPE (MOTORETTE)
A coil prototype (motorette) was constructed to validate the DLC system. To generate heat losses within the copper conductors, the coils were connected in series to a high frequency synchronous generator with a maximum frequency of 550 Hz and a rated current of 140 A. The high frequency was used to produce 3 kW of internal heating, which is sufficient to demonstrate cooling system efficiency. For an actual full size generator, the rated current in a segment is 1000 A at 11 Hz. The internally generated heat was removed by the coolant with an inlet temperature and velocity of 27˚C and 1.7 m/s, respectively. The temperature rise within the tested coils is shown graphically in Fig. 8b . The pressure drop across the cooling circuit (coils and manifold) was 2 bar. The biggest pressure drop occurs across the coolant manifold. The calculated pressure drop for the oil passing through the tooth coils 0.6 bar.
After the 5 hours of continuous testing, the pump was switched off and then back on to demonstrate the effectiveness of the forced liquid cooling (Fig. 8b) . The tests prove the workability of the designed cooling solution. However, the experimental temperature results deviate from the results calculated by Eq. (1-2) (Fig. 8c) . The discrepancy between the simulated and measured values may arise from the simplifying assumptions, because conductor interaction was not modeled in Eqs. (1-2) . The discrepancy could also be the result of manufacturing defects (greater roughness) increasing the convection coefficient and heat transfer surface area. The test setup was not insulated from the environment, so a portion of the generated heat was removed via passive air convection.
VI. CONCLUSION
The DLC DD-PMSG is more reliable compared with the high-speed power generator presently on the market. The direct liquid cooling system for the copper windings allows higher linear current density values (>90 kA/m) than in air-cooled machines (< 80 kA/m) results in a significantly more compact design than that of an air-cooled counterpart.
The design and thermal analyses of an 8 MW DLC DD-PMSG are presented in this paper. The DLC system removes heat from the stator windings (530 kW), which keeps the copper conductors and the rotor magnets at safe temperatures. Using the DLC approach, permanent magnet temperatures are held to only 50˚C, and winding temperatures do not exceed 80˚C. The significantly smaller and less massive DLC DD-PMSG operates at safe temperatures. Test results prove the workability of the discussed cooling solution. The reliability analysis shows that DLC DD-PMSG availability is higher than for an air-cooled generator and gearbox. The cooling concept can be utilized in high power generator applications (> 4 MW) to minimize size and weight. The direct cooling system could be useful for vehicle drive applications, where good cooling is needed at lower speeds and high torque.
